Anhedonia, the reduced capacity to gain pleasure from pleasurable experiences, is a key symptom of major depression and schizophrenia. Reduced hedonic capacity can also be measured as an enduring trait in non-clinical subjects. Such altered hedonic capacity is likely the result of a basic neuropsychophysiological dysfunction and a vulnerability marker that potentially precedes and contributes to the liability of developing psychiatric disorders. The characterization of the structural and functional neural correlates of trait anhedonia in nonclinical individuals may provide new insights for the early detection of such psychiatric diseases. Twenty-nine non-clinical subjects were scanned at the Montreal Neurological Institute. Trait anhedonia was measured using the Chapman Revised Physical Anhedonia Scale. Semi-automated and automated structural MRI segmentation techniques were used to explore structural correlates of trait anhedonia. Seventeen of the 29 subjects also underwent a functional imaging task where responses to the viewing of affective stimuli were examined to identify the functional correlates of trait anhedonia. Trait anhedonia was inversely related to anterior caudate volume, but positively related to ventromedial prefrontal cortex activity during the processing of positive information. These findings may reflect a specific kind of vulnerability for the development of psychiatric affective disorders and suggest that trait anhedonia may be linked to a volumetric reduction in the basal ganglia and to a prefrontal functional abnormality during hedonic processing.
Introduction
Past psychiatric neuroimaging studies, although providing valuable information about structural and functional brain abnormalities, were often hindered by the symptomatic heterogeneity observed among patients. By studying the core symptoms of an illness, a candidate symptom approach is a promising step towards improved characterization of subgroups of disorders and eventually to the identification of specific vulnerability markers. 1 A good example of such an approach is the study of anhedonia. Anhedonia is defined as a reduced capacity to experience pleasure in normally pleasurable situations and is a key symptom of major depression (MDD) and schizophrenia (SZ). Interestingly, past studies have indicated that anhedonia measured in clinical populations can manifest itself as either an enduring personality trait 2, 3 or as a transient clinical state, such as during MDD. 2 Reduced hedonic capacity may also be present in non-clinical populations [4] [5] [6] [7] [8] and, as such, can be referred to as trait anhedonia. The importance of anhedonia in psychopathology has recently been stressed by researchers who demonstrated that this symptom, together with increased stress reactivity, is an important candidate for psychopathological endophenotype of MDD. 9, 10 Endophenotypes are subclinical traits that are associated with the expression of an illness and represent the genetic liability of the disorder in non-affected individuals. 1 The neural system underlying reward and pleasure is well defined in humans. In previous neuroimaging studies, monetary reward, 11, 12 pleasurable responses to music 13 and the viewing of pleasant pictures [13] [14] [15] [16] have all been associated with activity within the nucleus accumbens, the ventral caudate and the ventral putamen. It has been proposed that the putative neural substrate of anhedonia may involve the dysfunction of a dopaminergic reward circuit. 17, 18 However, only a limited number of neuroimaging studies have specifically attempted to confirm this hypothesis. To date, functional neuroimaging studies of anhedonia have focused exclusively on clinical populations, either SZ 19 or MDD. 17, 18, 20, 21 For example, Keedwell et al. (2005) linked the ventromedial prefrontal cortex (VMPFC) and the ventral striatal activity to anhedonia severity in MDD. Although these results have provided significant advancements in the neural characterization of anhedonia, it remains difficult to delineate clearly cerebral dysfunctions associated specifically with anhedonia from other dimensions of the illness. Another possible confounding factor inherent to studies focusing only on clinical populations concerns whether anhedonia is a transient clinical state or a more stable personality trait that has preceded the psychopathological state. In addition, one cannot rule out the possibility of additive or interactive effects of both trait and state anhedonia on brain activity. One way to address these issues is to examine the neural correlates of trait anhedonia in individuals free of a psychopathological state. The main advantage of such an approach is that no other dimensions of psychopathology may confound the investigation.
Previous research indicates that trait anhedonia might be the result of a basic neuropsychophysiological dysfunction and a trait marker for both SZ 2, 7, 22, 23 and MDD. 24, 25 Moreover, anhedonia could characterize a specific subform of SZ 26 and is a key symptom for the diagnostic of melancholia, a specific subtype of MDD. 27 As a result, the characterization of the structural and functional correlates of trait anhedonia in non-clinical individuals may provide new insights for the early detection of SZ and MDD and eventually for the identification of more homogeneous forms of diseases. In the current study, we sought to identify these correlates by using a combination of semiautomated and automated structural magnetic resonance imaging (MRI) segmentation techniques and functional MRI during an emotion processing task. In view of the past literature, we hypothesized that elevated trait anhedonia in non-clinical individuals would be associated with volumetric reductions in subcortical regions linked to the brain reward system (BRS) (ventral striatum, caudate nucleus). Functionally, based on the observations of Keedwell et al. in MDD, we predicted that elevated trait anhedonia would be associated with reduced ventral striatal activity and increased VMPFC activity during the processing of positive information.
Materials and methods

Participants
Twenty-nine right-handed individuals (14 men and 15 women) with a mean age of 28.9 years (s.d. = 7.9; range = 22-49) and a mean education of 15.4 years (s.d. = 2.7) were recruited from the community. We used a modified version of the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID-I) to exclude subjects with a present psychiatric illness. We decided to select a group of non-clinical individuals who were representative of the normal population instead of selecting non-clinical subjects with specific personality traits and/or with Axis II personality disorders exclusively. Thus, Axis II disorders and other personality traits were not assessed. Subjects with a past history of neurological or psychiatric illnesses were excluded. Participants also reported no general health problems or psychoactive drug or alcohol abuse in the preceding 6 months. After a complete description of the study to the subjects, written informed consent was obtained.
Trait anhedonia measure
Hedonic capacity was assessed with the Revised Physical Anhedonia Scale (PAS; LJ Chapman, JP Chapman -unpublished test, 1978) . 28 The PAS is a 61-item self-rated questionnaire containing 'true or false' answers whose items describe various common situations involving direct sensory experiences (for example, 'The beauty of sunsets is greatly overrated' and 'I have always loved having my back massaged'). In both patient and non-clinical samples, PAS reliability is consistently very good, with a coefficients typically exceeding 0.80. 29 Scores range from 0 to 61 (the lower the score, the less severe is anhedonia). We chose the PAS for our study because Chapman's anhedonia questionnaires are by far the most common scales used to study the trait-like dimension of anhedonia. 2, 4, 5, 7, 30, 31 Scanning procedure Participants were scanned at the Montreal Neurological Institute (MNI). Functional MRI (fMRI) data were collected from seventeen participants that underwent an emotional memory task in the scanner using an event-related procedure. The 12 remaining subjects performed a different version of the task and thus we only analyzed their structural data for the present report. Two hundred and forty color pictures were selected from various sources, mainly from the International Affective Picture System (IAPS), 32 the Empathy Picture System (EPS) 33 and collaborators (Pitié-Salpêtrière Hospital, CNRS UMR 7593, France). The IAPS consists of an extensive series of more than 400 validated pictures of people, places and objects representing different affective possibilities. The EPS consists of 12 picture series, each containing 30 pictures showing people in real-life events. Picture series from the EPS are subdivided according to their emotional valence. Stimuli were divided into three conditions, based on emotional content: positive, neutral and negative pictures. To minimize the potential confounding effect of arousal level differences between positive and negative pictures, we excluded pictures known to trigger high arousal (based on previous pictures rating from the IAPS), such as pictures presenting erotic scenes or mutilated bodies. For each condition, half of the selected pictures showed at least one human being and the other half showed none. Our event-related design was divided in two parts: (1) a picture-viewing phase and (2) a memory recognition test. In the viewing phase, 120 pictures (forty for each condition) from a pregenerated list I or II (counterbalanced across subjects) were pseudo-randomly presented to the subjects, one at a time. Each picture was presented for 3 s, followed by a fixation cross presented for 2 s. For each picture presentation, subjects were required to identify the presence of a human being within the picture by clicking on predetermined 'yes' or 'no' buttons. We chose to use a covert emotional processing task instead of an explicit emotional evaluation task because the viewing of emotional pictures without the direct instruction to evaluate the emotional content is likely more representative of the appraisal of real-life emotional situations. The viewing phase was followed by the recognition test. However, for the purpose of this study, only the viewing phase is described and discussed. After the scanning session, participants performed an emotional picture-rating task on a laptop computer. To achieve a more precise and idiosyncratic rating from subjects, each picture was accompanied with a continuous line with the label 'very negative' at the left end of the line and the label 'very positive' at the right end of the line. Subjects were further told that the middle of the line was associated with neutrality. Using a mouse, subjects were asked to move an arrow on this line and click the left button once the arrow was well positioned on the line according to the emotional valence of the picture. This procedure indicated their personal emotional valence rating for each stimulus presented. The continuous line was in fact an ordinal scale ranging from '1' (very negative) to '323' (very positive). Subjects filled the PAS after the emotional rating of the pictures.
Imaging data acquisition FMRI and structural data were acquired using a 1.5 T Siemens Sonata scanner (Siemens, Germany). A vacuum cushion stabilized the subject's head. Stimuli were generated by an IBM PC laptop computer running E-PRIME (Psychology Software Tools, Pittsburgh, PA, USA) and projected via a LCD projector and mirror system. A mouse connected to the computer recorded the subject's responses. Functional T2*-weighted images were acquired with blood oxygenation level-dependent (BOLD) contrast (278 volumes per run, TR = 2550 ms, TE = 50 ms, flip angle = 901, FOV = 256 mm, Matrix = 64 Â 64), covering the entire brain (30 interleaved slices parallel to the anterior-posterior commissural plane; in plane resolution: 4 Â 4 mm; 4 mm thickness. Following the functional session, a high-resolution T1-weighted anatomical volume was acquired using a gradient echo pulse sequence (22 ms, TE = 9.2 ms, flip angle = 301, voxel size 1 Â 1 Â 1 mm 3 ).
Volumetric analyses
An initial analysis involved voxel-based morphometry (VBM). First, the original structural MRI images in native space were segmented. The resulting gray and white matter images were then spatially normalized to gray and white matter templates respectively to derive the optimized normalization parameters. These parameters were then applied to the original, whole-brain structural images in native space before a new segmentation. This recursive procedure, also known as 'optimized VBM', has the effect of reducing the misinterpretation of significant differences relative to 'standard VBM'. 34 Although this procedure is also not immune to registration errors, it is more precise compared to the original VBM procedure. A processing step referred to as 'modulation' was also incorporated, before smoothing, to compensate for the effect of the volumetric differences introduced during spatial normalization (voxel size 1 Â 1 Â 1 mm). A simple regression analysis was then conducted using the individual gray matter maps and the PAS scores as covariates. The statistical threshold was set at P < 0.001 (uncorrected) with a minimum cluster size of 100 voxels. Based on the results obtained from the VBM analysis, we further examined the link between trait anhedonia and the volume of the anterior caudate using a complementary semi-automated volumetric procedure. 35 First, the raw structural files were processed using different algorithms to prepare them for manual segmentation. This included correction for non-uniformities, 36 linear stereotaxic transformation 37 into coordinates based on the Talairach atlas (Talairach and Tournoux, 1988), correction for image intensity normalization and tissue classification. A template of the anterior caudate was created from the average brain of all subjects and then registered against the gray matter maps of each subject, resulting in an estimation of gray matter corresponding to the average template in each subject. The resulting variable was then employed in a statistical analysis to estimate anterior caudate volume. The mean size of the bilateral anterior caudate measured from the twenty-nine subjects was 7942.7 mm 3 (s.d. = 789.9; range = 6418-9087). SPSS software (SPSS, Chicago, USA) was used to test the correlation between the anterior caudate volume and trait anhedonia. Figure 1 illustrates the right anterior caudate template created from the average brain.
fMRI data analysis FMRI data were analyzed using Statistical Parametric Mapping (SPM2, Wellcome Department of Cognitive Neurology, London, UK). Image preprocessing was done according to a standard procedure. 38 Briefly, images were time-corrected to account for differences in sampling times for different slices, realigned to the first volume to correct for interscan movement, spatially normalized (voxel size 2 Â 2 Â 2mm) to the Talairach standard space, 39 using the MNI template, and finally smoothed with an isotropic 8-mm full width at half maximum (FWHM) Gaussian kernel. Data were analyzed using the general linear model, in which individual events were modeled by a synthetic hemodynamic response function. For the purpose of this study, three event types were defined based on the emotional content of the pictures (positive, neutral and negative conditions). Our main goal was to measure the brain activity associated with the processing of positive information (positive pictures versus neutral ones). However, to be thorough, we also measured the brain activity during the viewing of negative versus neutral pictures. Finally, we performed a simple regression analysis using the contrast image 'positive versus neutral' of each subject and the individual anhedonic score measured with the PAS entered as a covariate. This simple regression analysis identified the brain regions in which the BOLD signal measured during the processing of positive information was either positively or negatively correlated with trait anhedonia. Again, to be thorough, a similar simple regression analysis was also performed using the contrast image 'negative versus neutral'. The statistical threshold was set at P < 0.001 (uncorrected) with a minimum cluster size of 15 voxels.
Results
The group mean for the PAS was 12. .79, P < 0.001; Bonferroni = negative < neutral < positive). Performance during the viewing task (to determine the presence of a human being in the picture) was virtually perfect for each subject at each condition. Moreover, no significant difference was observed in reaction time across emotional conditions (positive, negative and neutral) (F(2,15) = 3.19; P = 0.07).
Structural neural correlates of trait anhedonia As seen in Figure 2 , the VBM analysis identified a significant negative correlation between the volume of gray matter and trait anhedonia only in the anterior caudate bilaterally (right caudate: x = 7, y = 21, z = À1; 559 voxels; t = 3.80; d.f. = 27; left caudate: x = À8, y = 15, z = 4; 175 voxels; t = 3.58; d.f. = 27). However, using a liberal statistical threshold of P < 0.005 uncorrected, the cluster also extends to the ventral striatum, with the peak voxel located in the nucleus accumbens (x = 5, y = 12, z = À6). No cluster showed a significant positive correlation between the volume of gray matter and trait anhedonia. A complementary semi-automatic volumetric analysis confirmed the VBM findings. Statistical analyses of the anterior caudate volumes showed a significant negative correlation with the level of trait anhedonia (Pearson coefficient; r = À0.398, two-tailed, P = 0.03), even when controlling for subjects' age (partial correlation; r = À0.380, two-tailed, P = 0.04).
Functional neural correlates of trait anhedonia
The BOLD signal measured during the processing of positive information was positively correlated with the PAS score in six different clusters of activation: the right VMPFC, the right middle temporal gyrus, the left superior temporal gyrus, the right insula, the right superior parietal lobule and the right occipital lobe (Table 1 ). Figure 3a specifically illustrates the significant positive correlation between the VMPFC and trait anhedonia. There was only one cluster in which the BOLD signal showed a significant negative correlation with the PAS score, that is the left inferior frontal gyrus (Brodmann's area (BA) 45; x = À56, y = 15, z = 4; 26 voxels; t = 4.21; d.f. = 15).
Using a similar regression analysis, we tested whether the correlation between the BOLD signal in the VMPFC and trait anhedonia was also significant during the processing of negative information. Five different clusters were significantly and positively correlated with trait anhedonia: the bilateral middle temporal gyri (BA 37; x = 54, y = À66, z = 6; 22 voxels; t = 5.36/x = À40, y = À62, z = 8; 21 voxels; t = 5.61; d.f. = 15), the right superior parietal lobule (BA 7; x = 36, y = À62, z = 48; 16 voxels; t = 4.45; d.f. = 15), the left supramarginal gyrus (BA 40; x = À50, y = À50, z = 22; 26 voxels; t = 5.42; d.f. = 15) and the right cuneus (BA 18; x = 18, y = À48, z = 6; 49 voxels; t = 5.48; d.f. = 15). Thus, there was no significant positive correlation between the activity in the VMPFC and trait anhedonia during the processing of negative information (see Figure 3b ).
Discussion
The significant and novel contribution of the present study is the identification of the neural correlates of trait anhedonia in non-clinical individuals. We first found that trait anhedonia severity was negatively correlated with the volume of the anterior caudate, confirming our hypothesis that trait anhedonia is linked to volumetric reductions in subcortical regions. As predicted, the functional data showed a significant positive correlation between trait anhedonia severity and activity in the VMPFC for the processing of positive information. However, ventral striatal activity was not significantly correlated with trait anhedonia. The fact that we did not use a selection method based on a specific anhedonic score cutoff to recruit highly anhedonic subjects, but instead allowed a normal range of individual differences regarding hedonic capacity, differentiates our study from others that have also explored trait anhedonia in nonclinical samples. 4, 5, 7 This methodological difference highlights two crucial inter-related points regarding anhedonia: (a) the neural correlates of trait anhedonia can be measured within a sample of healthy individuals who are not exclusively 'at-risk subjects' for developing schizophrenia-spectrum disorders 7 or subjects with schizoid and schizotypal personality disorders; 4 (b) anhedonia can be conceptualized as a measurable trait whose severity among the normal population (as well as the neural correlates of that trait) varies along a continuum.
Structural correlates of trait anhedonia
We observed that the volume of the anterior caudate (and ventral striatum at a more liberal statistical threshold) significantly decreased as the level of trait anhedonia increased. To our knowledge no other study has identified volumetric abnormalities specifically linked to anhedonia, either in clinical or nonclinical populations. The caudate nucleus and the ventral striatum are key structures involved in the BRS, which consists of a set of dopaminergic neural pathways that mediates reward behaviors and pleasurable experiences. 40, 41 The caudate nucleus receives massive afferent inputs from associative cortices including the prefrontal cortex and the limbic system such as the amygdala and the thalamus. 42 The idea that the BRS represents a key neuroanatomical substrate of anhedonia has been proposed in past studies. 18, [43] [44] [45] [46] Two circuits between the MPFC and the ventral striatum and the orbitofrontal and the ventro-medial caudate are considered to play a role in mediating motivational and affective information. [47] [48] [49] Activations in the basal ganglia, including ventral striatum and caudate, have been observed in response to multiple kinds of emotionally positive stimuli (happy faces, pleasant pictures, happiness-induced recall). 50 Researchers have proposed that a specialized function of the basal ganglia may be to allow incentive-related signals from the limbic system to help determine whether and when a movement or a non-motor function should be performed. 51 Therefore, two hypotheses could be raised to explain the link between a decreased volume of the caudate/ventral striatum and trait anhedonia in non-clinical individuals. First, volumetric abnormalities in these subcortical regions may most likely impair the hedonic feeling/rewarding value per se of a pleasurable experience. This hypothesis is consistent with the genuine definition of anhedonia, that is, a reduced hedonic capacity. However, one could suggest that a volumetric reduction of the caudate and/or the ventral striatum would not directly impair the capacity to identify and feel pleasure, but instead alter the willingness to engage, in terms of actions, into the pleasurable experience. Since these two hypotheses are not mutually exclusive, the significant correlation between caudate volume and PAS rating could reflect both a motivational and hedonic impairment. With respect to trait anhedonia as a potential trait marker, current imaging results nonetheless suggest that the vulnerability to develop depressive or schizophrenia-spectrum disorders may have a basis in subcortical volumetric abnormalities.
Functional correlates of trait anhedonia
Among the brain regions whose activity showed a significant correlation with trait anhedonia, the VMPFC is of particular interest, based on the recent neuropsychiatric literature. At a broader level, the MPFC is a key region in emotional processing. 50, 52 Indeed, emotional films, pictures and recall as well positive and negative emotion separately engaged the MPFC. 14, 15 One hypothesis is that the MPFC is involved in the cognitive aspects (for example, attention to emotion, appraisal/identification of emotion) of emotional processing.
The increase in VMPFC activation (peak voxel: x = 6, y = 44, y = À8) we observed as a function of trait anhedonia ratings in non-clinical individuals complements recent findings for MDD. 20 Keedwell et al. examined in an innovative way the neural basis of anhedonia by correlating anhedonia severity, measured in twelve depressed patients, to neural responses to personally-relevant happy and sad stimuli. Among their main results, they found that the VMPFC activity (peak voxel: x = À7, y = 44, y = À7) was positively correlated with the severity of anhedonia, and not with the severity of depression per se, during the processing of positive information. To explain this increased VMPFC activation associated with anhedonia, Keedwell et al. suggested that anhedonic depressed patients attended more closely to the rewarding stimulus in an attempt to get into happy mood. In other words, it was proposed by Keedwell et al. that VMPFC activity could reflect a PFC compensatory mechanism for an under-active subcortical/striatal response to pleasant stimuli.
Although this explanation is consistent with the role of the VMPFC in attending to the rewarding context of potentially rewarding stimuli, further data are needed to confirm this hypothesis.
One interesting aspect of the present study is the replication of Keedwell et al.'s result on VMPFC activity and anhedonia in a sample of non-clinical individuals. A recent review of the literature supports the idea that the VMPFC not only monitors the rewarding value of stimuli/responses, but also represents one's upcoming emotional states/reactions. 53 During the processing of pleasant information, anhedonic non-clinical individuals could also require increased activity in VMPFC to process further their emotional state associated with an actual pleasant context. An increased self-evaluation could then be considered a consequence of an attenuated genuine hedonic/rewarding state.
An alternative explanation for an over-active VMPFC in trait anhedonia could be based on the involvement of corticolimbic inhibitory interactions. The MPFC is involved in both monitoring and modulation of emotions. 50, 54 Several studies suggest that the MPFC has inhibitory influences on the emotional limbic system, including PET studies showing a negative correlation between blood flow in the PFC and the amygdala. 55, 56 In other words, the MPFC could inhibit emotional processing performed by other limbic structures, which in turn would lead to a dampening of sympathetic output and reduced emotional experiencing. Such a hypothesis was recently supported by a series of studies on posttraumatic stress disorder (PTSD) showing that a specific increase of MPFC activity is present in dissociative and hypoemotional PTSD patients compared to hyperaroused PTSD patients. 57, 58 With regards to this hypothesis, it is possible that the VMPFC activation in anhedonic non-clinical individuals reflects such corticolimbic inhibitory process that would be specific to positively valenced stimuli. This idea is supported by the fact that MPFC activity was no longer significantly correlated with trait anhedonia during the processing of negative information (see Figure 3b) .
Although the hypothesis of an inhibition of the limbic structures by the MPFC during hedonic processing in anhedonic subjects is plausible, it is important to highlight the fact that our findings do not provide any direct evidence of such inhibitory processes. Indeed, unlike Keedwell et al., we did not find a significant negative correlation between trait anhedonia and BOLD activity in subcortical and or limbic regions. The use of a region of interest (ROI) was not likely to reveal such a negative correlation between subcortical activity and trait anhedonia since the whole brain analysis, using very liberal statistical thresholds, did not detect anything. In trying to be as concise as possible, we have decided not to carry out subsequent ROI analyses.
The discrepancy between our study and Keedwell et al.'s study, regarding the link between subcortical activity and trait anehdonia, may in part be explained by task differences, as Keedwell et al. used an explicit mood inducing task (happy memories as moodinducing stimuli), while we used a simple attentional task, where subjects processed emotional information implicitly during the viewing of emotional picture stimuli. It is possible that our task did not engage the subcortical regions to the same extent as Keedwell et al.'s task did. In fact, one limitation regarding our emotional processing task is linked to our pictorial stimuli. One could argue that pleasant pictures presented rapidly as part of an event-related fMRI design are not arousing enough to prompt a significant positive emotional state and hence, would not represent optimal stimuli for the identification of the neural correlates of a reduced capacity to feel pleasure. Although the use of pleasant pictures as mood inducing stimuli may not be as arousing as happy memories, it has been demonstrated that the short presentation of such pictorial stimuli nonetheless prompts significant affective and visceral reactions. 59 The clinical definition of anhedonia points towards the loss of the subjective feeling of pleasure, however, it is also suggested that individuals with high anhedonia have deficits in processing the valence components of stimuli. 60 The use of emotional pictorial stimuli most likely engages both the subjective emotional feeling and the evaluative aspect of emotional processing. At a broader level, the viewing of emotional pictures, as opposed to recalled memories, may be more representative of the way an individual appraises the emotional aspects of a context.
Finally, in addition to the VMPFC, other regions showed a positive correlation with trait anhedonia, such as the right insula, the right middle and left superior temporal gyri, the right superior parietal lobule and the right occipital lobe. The presence of the right insula is interesting in light of the insula's role in two processes relevant to dissociative response: bodily perception and perception of emotions. This region is preferentially engaged in the recall and the self-generation of affect and would monitor the ongoing internal emotional state of the organism. 61 Thus, similar to the VMPFC, an increase of the insular activity in anhedonic individuals in the context of positive information processing could reflect an altered perception or possibly alterations in the body map constructed by the insula, which has been hypothesized by Damasio (2000) 61 to contribute to emotional experiences. Likewise, the significant positive correlation between trait anhedonia severity and activation in the superior and middle temporal gyri is consistent with the temporal lobe hypothesis of dissociation. 62 
Conclusions
Recent neuropsychiatric studies, particularly in MDD, have aimed at defining endophenotypes that might be characterized by reliable neural abnormalities. 63, 64 Elucidating the neural substrates of trait anhedonia in non-clinical individuals could be an important com-plementary step towards the characterization of endophenotypes and trait markers of both SZ and MDD. Indeed, approximately 70% of all genes are expressed in the brain and as a result, many functional gene polymorphisms can potentially influence how the brain processes information. 9 Since functional imaging examines within individuals information processing in discreet brain circuits, it has the potential to provide endophenotypes for psychiatric diseases. 65 Although the present findings drawn from two different neuroimaging modalities (structural and functional) have identified key regions (mainly the anterior caudate and the VMPFC) associated with trait anhedonia, many questions remain to be addressed. Indeed, the link between the structural and the functional neural correlates of trait anhedonia requires additional clarification. Although the present results confirmed our hypothesis that volumetric reductions in subcortical regions accompany trait anhedonia, we observed no significant negative correlation between trait anhedonia severity and functional activity in these regions during the processing of positive information. Future studies, using different types of mood induction and rewardbased paradigms, could characterize further the relationship between the structural and functional correlates of anhedonia. Subcortical volumetric abnormalities in anhedonic individuals may result in a decrease in activity associated to the processing of positive information which, in turn, generates compensatory activity in the VMPFC. Such findings would be instrumental to the future development of a model of neuronal function in anhedonia.
Second, future neuroimaging studies will likely study the relationship between the neural correlates of anhedonia and other dimensions of the personality. Indeed, it is likely that trait anhedonia in non-clinical subjects is linked to other personality traits or, in some cases, to Axis II personality disorders. For instance, it is plausible that schizotypal non-clinical subjects with elevated anhedonia show different patterns of neural abnormalities associated with anhedonia compared to anhedonic non-clinical individuals not suffering from an Axis II disorder.
Finally, the question of whether self-report anhedonia reflects motivational and/or hedonic dysfunctions per se is still debated, and future studies will likely elucidate further the etiology of this symptom. Nonetheless, it is self-report trait anhedonia measured in non-clinical individuals that has been shown in past studies to be predictive of the future development of psychiatric disorders. 2, 7, [22] [23] [24] [25] Thus, we are confident that the structural and the functional neural correlates of trait anhedonia reported in this study have an important clinical value for the identification of neural markers of vulnerability.
